Nb2O5 is an important material able to exist in many polymorphs with unique optical properties and morphologies that are dependent on the synthetic route. Here we report a novel ambient pressure chemical vapour deposition route to Nb2O5 via aerosol assisted chemical vapour deposition. The amorphous as deposited films were annealed in air to obtain the three most stable crystal structures -orthorhombic, tetragonal and monoclinic. The films were thoroughly characterized for their material properties and an in depth study into the optical properties was carried out using state of the art hybrid functional theory that allowed more insight into the optical properties of the materials.
Introduction
Niobium pentoxide (Nb2O5) is a wide band gap material that has attracted much interest of late due to its ability to exhibit various crystal phases that allow it to display many functional properties. 1 The band gap of Nb2O5 has been reported to vary from semiconducting (3.1 eV) to insulating (5.3 eV) range and can be adjusted through doping, changes in crystallinity and stoichiometry and heat treatment to obtain different phases. 1 The most stable phases of Nb2O5 are the orthorhombic (o), tetragonal (t) and monoclinic (m), usually activated via thermal treatment at 800, 1000
and 1100 o C respectively with typically an amorphous polymorph present below 500 o C.
Nb2O5 has been prepared in the thin film form by a range of techniques including reactive sputtering 2 , pulsed laser deposition 3, 4 , atomic layer deposition 5 and atmospheric pressure (AP) techniques such as AP-chemical vapour deposition 6 and sol-gel dip coating 7 . The method of fabrication plays an important role in the morphological properties of the thin films and their application. Applications for Nb2O5 are wide ranging, for example nanostructured Nb2O5 has been used as a photoanode in dye sensitized solar cells due to its wide band gap, excellent electron injection efficiency and chemical stability. [8] [9] [10] [11] Furthermore nanostructured high surface area layers are advantageous for sensing [12] [13] [14] , catalytic 15 and battery 16, 17 devices. For optical coatings however smooth and featureless Nb2O5 films are required to minimize light scattering. 18 It has been noted that the preparatory methods to Nb2O5 are highly influential on the morphology and hence on the functional properties. Visually, the films were generally transparent but with increasing annealing temperature they became hazier. All films were well adhered to the substrate and passed the Scotch TM test.
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The X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM)
images, shown in Figure 1 , reveal the impact of post deposition annealing temperature on the crystallinity and morphology of the Nb2O5 films. The as-deposited film was X-ray amorphous as evident from the lack of Bragg reflections in the XRD pattern The experimental and simulated valence band (VB) XPS for the crystalline Nb2O5 films weighted using the atomic photoionisation cross-sections by Yeh and Lindau are shown in Figure 2e -g. 25 The experimental VB structure is composed of a broad feature made up of O 2p states that is centred at ~6 eV for the o-and t-Nb2O5 films but at ~9 eV for the high temperature monoclinic phase. 2 The calculated data is in good agreement with the experimental findings, in particular, there is an excellent correlation between the data sets for the orthorhombic and tetragonal structures. The peak widths for the orthorhombic, monoclinic and tetragonal VB-XPS in Figure 2 are ~8 eV, ~7 eV and 7 eV respectively. The simulated spectra for the monoclinic polymorph has a pronounced trough at a binding energy of ~9 eV arising from a lack of density of states that was not observed in the experimental data, however the slight troughs for the orthorhombic and tetragonal structures at ~6 eV were present in the experimental data as shoulders in the main peak. The slight discrepancies observed between the simulated and experiential VB XPS data (for example between 10-14 eV)
mainly arise due to the measured XPS being of the surface while the calculated spectra are based on bulk Nb2O5.
The theoretical calculations for the three crystalline phases of Nb2O5 syntheisised in this study were carried out using the HSE06 hybrid DFT functional using ab-initio methods. The calculated density of states (DOS) for each polymorph is provided in These results are consistent with other theoretical studies carried out on Nb2O5. A recent study on monoclinic Nb2O5 (in the P2/m structure) was carried out using a modified Becke-Johnson functional, they found that their optical band gap was 3 eV (matching their experimentally defined band gap of 3.1-3.2eV). 26 Whilst they see an excellent correlation between theory and experiment, we find that the difference between the P2/m monoclinic structure (which contains 15 non-equivalent Nb sites) and the C2/m monoclinic structure (used in this study which contains 1 nonequivalent Nb site) makes a large difference in electronic structure. We have found that the HSE06 hybrid functional described the electronic structure of all three of our polymorphs to a high degree of accuracy and in direct agreement with our experimental values. 
Conclusion
In conclusion we report, for the first time, the AACVD synthesis of amorphous Nb2O5 
Experimental

Deposition Procedure
Depositions were carried out in N2 (BOC Ltd., oxygen free nitrogen, 99.99% purity).
[Nb(OEt [Nb(OEt)5] (0.5 g, 1.57 mmol) was dissolved in MeOH (20 ml). The resulting solution was stirred for 10 minutes and then atomised. The precursor vapour was carried to the reactor using a constant N2 flow of 0.5 L.min -1 . Films were grown on quartz slides placed on SiO2 barrier coated float glass (Pilkington NSG). A top plate was suspended 0.5 cm above the glass substrate to ensure laminar flow. The deposition was conducted at 450 °C, where the substrate was heated on its underside using cartridge heaters embedded within a graphite block. The reaction took 60 minutes to complete. After the deposition the bubblers were closed and the substrates were allowed to cool under a flow of N2 to less than 100 °C before it was removed.
Coated substrates were handled and stored in air. The coated glass substrate was cut into ca. 1 cm × 1 cm squares for subsequent analysis.
Annealing Procedure
The Nb2O5 films on quartz were annealed in a Carbolite GLM 1 furnace with a Eurotherm 2216e temperature controller in air. Films were placed inside the oven at room temperature and heated to 800, 1000 or 1200 o C depending on the polymorph required, at a rate of 10 o C per minute, before being held at this temperature for 12 hrs.
The furnace was allowed to cool to below 100 o C before the film was removed.
Film Characterisation
X-ray diffraction (XRD) patterns were measured in a modified Bruker-Axs D8 diffractometer with parallel beam optics and a PSD LynxEye silicon strip detector. X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Scientific Kalpha photoelectron spectrometer using monochromatic Al-Kα radiation. Survey scans were collected in the range 0-1100 eV (binding energy) at a pass energy of 160 eV.
Higher resolution scans were recorded for the main core lines at a pass energy of 20 eV. Valence band spectra were also recorded. Peak positions were calibrated to adventitious carbon (284.5 eV) and plotted using the CasaXPS software.
Density Functional Theory
Density functional theory (DFT) calculations using the Vienna ab-initio Simulation Package (VASP) [27] [28] [29] [30] were used in order to investigate the electronic structures of three polymorphs of Nb2O5, (monoclinic -C2/m, orthorhombic -P212121 and tetragonal -I4/mmm), the unit cells of which are shown in Figure 5 . The HSE06 (Heyd-Scuzeria-Ernzerhoff) 31 For each Nb2O5 structure a plane wave energy cut-off of 600 eV was deemed sufficient for convergence alongside Γ-centred k-point meshes of 4 x 4 x 6 (monoclinic), 5 x 3 x 3 (orthorhombic) and 2 x 2 x 2 (tetragonal) for the 7, 28 and 56 atom cells respectively. Structural optimisations were carried out on each structure, relaxing the lattice vectors, cell angles, cell volumes and atomic positions.
Convergence was deemed to be complete when all the forces on the atoms were less than 0.01 eV Å -1 . Optical absorption spectra were also calculated using optical transition matrix elements calculated within the transversal approximation and PAW method. 38 The absorption spectrum is summed over all direct valence band to conduction band transitions ignoring intraband and indirect absorptions. 39 Despite not addressing electron-hole correlation, this methodology has previously shown excellent agreement towards experimental absorption spectra. [40] [41] [42] [43] [44] In order to simulate the valence band X-ray photoelectron spectra (VB-XPS) and compare with the experimental data, the calculated density of states (DOS) was weighted using the atomic orbital photoionisation cross-sections formulated by Yeh and Lindau. 25 A Gaussian broadening of 0.47 eV was applied to match the broadening observed in experiment. Multiple accounts have been shown of this method providing accurate descriptions of the states that make up the XPS data. 
